Two distinct isolated hydrogen defects are observed in crystalline Ge by in situ infrared absorption spectroscopy. Implantation of protons into Ge at cryogenic temperatures gives rise to two intense absorption lines at 745 and 1794 cm 21 . The lines originate from distinct defects, each of which contains one H atom located on a ͗111͘ axis. The 1794-cm 21 line is assigned to bond center H in the positive charge state, whereas the 745-cm 21 line is ascribed to negatively charged H located on a ͗111͘ axis close to the tetrahedral site.
Hydrogen is an important impurity in semiconductors because of its ability to react with a wide variety of lattice imperfections like intrinsic point defects, impurities, interfaces, and surfaces. Such reactions may affect the electronic properties of the material by removal of electronic states from the band gap, and H in semiconductors has therefore been studied extensively experimentally and theoretically [1] [2] [3] [4] . The natural starting point for investigating the effects of H incorporation is to determine the properties of isolated H atoms interacting with a perfect semiconductor crystal. However, despite the vast amount of work on H in semiconductors, only isolated H in Si has been identified to date.
In this work we present the first experimental observation of isolated H in Ge. In situ infrared absorption spectroscopy (IRAS) on Ge implanted with protons at cryogenic temperatures reveals two very intense absorption lines at 745 and 1794 cm 21 , which originate from local vibrational modes (LVMs) of distinct H-related defects containing one H atom. Uniaxial stress measurements show that both defects have trigonal symmetry, which implies that the H atoms are located on a ͗111͘ axis. The properties of the 1794-cm 21 mode are essentially identical to those of the stretch mode of bond center H in Si, and we therefore assign it to this defect in Ge. On the contrary, the 745-cm 21 line has no Si analog. The experimental results strongly suggest that the 745-cm 21 line originates from an isolated H species, most likely negatively charged H located close to the tetrahedral site. Although predicted by theory more than a decade ago, the present work provides the first direct observation of this isolated H species in a semiconductor.
Most of the knowledge about isolated H in semiconductors comes from studies of Si, and we shall therefore briefly review the properties of isolated H in this material. According to theory, isolated H in Si can exist in three different charge states: H ͑1͒ , H ͑0͒ , and H ͑2͒ [4] [5] [6] [7] [8] [9] . In the positive and negative charge states, H is predicted to be located at, respectively, the bond-center site (BC) and at (or near) the tetrahedral site (T ), shown in Fig. 1 [4] [5] [6] [7] [8] [9] . For the neutral charge state, most theories find that isolated H has energy minima at both sites, with the BC site being the global minimum [5, 6, 8, 9] . Theory furthermore predicts that isolated H in Si is a negative-U system, i.e., that H ͑0͒ has higher energy than H ͑1͒ and/or H ͑2͒ for all Fermi-level positions [7, 9] .
Isolated H in Si is problematic to study experimentally because of its high mobility and reactivity, which causes it to react with lattice imperfections below room temperature. One way to circumvent this problem is to incorporate H by ion implantation at cryogenic temperatures and perform the measurements in situ, i.e., without heating the sample between implantation and experiment. Using this approach, bond center H (H BC ) in Si has been observed with a variety of experimental techniques [10] [11] [12] [13] [14] [15] [16] [17] . H BC was first directly observed by Bech Nielsen with ion channeling [10] . The first definite identification of neutral H BC in Si (H ͑0͒ BC ) was made by Gorelkinskii and Nevinnyi using in situ electron paramagnetic resonance (EPR) [11] . The EPR measurements were subsequently reproduced by Bech Nielsen et al. [12] , who also showed that the EPR signal has the same annealing behavior as the donor level VOLUME 85, NUMBER 14
observed by deep level transient spectroscopy [13] [14] [15] . Finally, the stretch mode of H ͑1͒ BC was recently identified by in situ IRAS experiments [16] . Implantation of protons into Si at cryogenic temperature gave rise to an intense absorption line at 1998 cm 21 with the same annealing behavior as the EPR signal, one of the BC components observed by channeling, and the E 0 3 level, which identified the line as the fundamental excitation of the stretch mode of H BC . In contrast to the EPR signal, which was observed only during illumination with band-gap light, the 1998-cm 21 line was observed without illumination and decreased in intensity when band-gap light was applied. It was therefore ascribed to the positive charge state H ͑1͒ BC . The 1998-cm 21 line was originally observed by Stein, who assigned it to a vacancy-hydrogen complex [17] .
Isolated H in Ge has received much less attention than in Si. No experimental studies have been reported, and theoretical studies are much less complete. Theoretical studies were first reported by Khoo and Ong [18] . However, since the calculations were based on the heavily approximated CNDO (complete neglect of the differential overlap) method and did not include lattice relaxations, we shall not address them further here. Ab initio density-functional calculations were reported by Denteneer et al. [19] . The calculations predicted H to have very similar properties in Ge and Si: In p-type material H ͑1͒ BC was found to have lowest energy, whereas H ͑2͒ T was energetically favored in intrinsic and n-type Ge. More recently, Estreicher et al. reported a comparative study of the properties of H in diamond, Si, Ge, and a-Sn using the ab initio Hartree-Fock method [20] . In contrast to Si, it was found that H ͑0͒ T in Ge has slightly lower energy than H ͑0͒ BC , and from this the authors concluded that H ͑1͒ BC changes from being very abundant in Si to being almost nonexistent in Ge. It should be noted, however, that Estreicher et al. considered only neutral charge states. Consequently, the calculations may not provide the full picture.
The experiments reported in this Letter were performed using samples cut from high-resistivity, ultrapure Ge single crystals, as described in detail elsewhere [21] . The samples were implanted with protons and/or deuterons at multiple energies yielding a uniform H concentration profile. The widths of the H profiles ranged from 20 to 250 mm. The samples were mounted in a cryostat attached to the accelerator beam line, and cooled to either ϳ20 or ϳ80 K during implantation. After implantation, the cryostat was moved to the infrared spectrometer, while keeping the sample within 10 K of the implantation temperature. The IRAS measurements were performed at ϳ10 K with a spectral resolution better than 0.8 cm 21 using commercial Fourier transform infrared spectrometers. Some of the experiments involved measuring the infrared absorption with uniaxial stresses applied along high-symmetry crystal axes. This was accomplished using specially cut samples and a homebuilt stress apparatus as described in Ref. [21] . Figure 2(a) shows the infrared absorbance spectrum of Ge implanted with protons at ϳ20 K. Implantation of protons gives rise to two intense absorption lines at 745 and 1794 cm 21 together with two weak lines at 1480 and 1488 cm 21 . This is in marked contrast to the Si case, where one strong line at 1998 cm 21 is observed under similar sample preparation conditions. When deuterons are implanted instead of protons, the two intense lines shift down in frequency by a factor ϳ p 2 to 535 and 1293 cm 21 , which shows that they originate from H-related LVMs. The 745-and 1794-cm 21 lines are much more intense than other H-related lines observed in proton-implanted Ge at higher temperatures. For instance, the intensities (integrated absorbance) of the two lines shown in Fig. 2(a) are I 745 0.65 and I 1794 2.9 cm 21 , whereas the sum of the intensities of all the absorption lines observed in the Ge-H stretch region 1750 2100 cm 21 in the same sample after annealing at 230 K is only 0.19 cm 21 . To investigate if the lines are correlated and to determine their thermal stability, an isochronal annealing study was performed. The sample was heated to a series of annealing temperatures T anneal for 15 min in the dark. Between each annealing step, the sample was cooled to ϳ10 K and the absorption spectrum was measured. half its low-temperature value at ϳ145 K. This behavior is clearly different from that of the 1794-cm 21 line, which anneals at ϳ210 K. Consequently, the two lines originate from different defects. In fact, the 1794-cm 21 line increases by about 9% when the 745-cm 21 line disappears, indicative of a conversion to the 1794-cm 21 line. The annealing behaviors of the two weak lines at 1480 and 1488 cm 21 are identical to that of the 745-cm 21 line, and since they are very close to 2 3 745 cm 21 we assign them to overtones of the 745-cm 21 mode. Figure 2(c) shows the intensities of the two lines as a function of H concentration C H . The different C H 's were obtained by varying the total implanted dose, while keeping the spatial H profile unchanged. The intensity of the 1794-cm 21 line is proportional to C H over the whole range covered. The intensity of the 745-cm 21 line is also proportional to C H , but only up to 2 3 10 18 cm 23 at which it saturates. The linear concentration dependencies show that the probability for a H atom to form either a 745-or 1794-cm 21 defect is independent of the concentration of H and implantation-induced defects. This suggests that the two lines originate from isolated H atoms interacting with a perfect Ge crystal, because the probability of forming complexes involving other H atoms or defects will increase with increasing concentration, and therefore result in a nonlinear C H dependence. Involvement of grown-in impurities can be excluded based on the fact that both line intensities are proportional to C H up to 2 3 10 18 cm 23 , 2 orders of magnitude above the concentration of impurities in the samples. The conclusion that each defect contains only one H is further supported by H and D coimplantation experiments. Spectra of Ge implanted with overlapping H and D profiles do not reveal any new lines, in addition to the lines observed in samples containing H or D separately.
The symmetry of a point defect can be obtained from measurements of the response of its LVMs on uniaxial stress. The top part of Fig. 3 shows the effect of uniaxial stresses parallel to ͓100͔, ͓111͔, and ͓110͔ directions on the 1794-cm 21 line. The line shifts linearly with stress along ͓100͔ but does not split. Stress along ͓111͔ splits the line into two components, only one of which is observed with light polarized perpendicular to the stress direction. This splitting pattern is characteristic for an A ! A transition of a defect with trigonal symmetry (see, e.g., Ref. [21] and references therein). The lines in Fig. 3 represent the best fit of the theoretical shifts of such a transition to the data, and are defined by the parameters A 1 and A 2 listed in Table I . The fit is in excellent agreement with the data for all stress directions, thus confirming the assignment of the 1794-cm 21 line to an A mode of a trigonal defect. The stress pattern of the 745-cm 21 line is shown in the bottom half of Fig. 3 together with the best-fit theoretical shifts for an A ! E transition of a trigonal defect [21] . The excellent agreement between the lines and the experimental data for all stress directions shows that the 745-cm 21 line originates from a twofold degenerate mode of a trigonal 
Frequency shifts induced by uniaxial stresses parallel to ͓100͔, ͓111͔, and ͓110͔ directions. The frequencies indicated by the symbols ≤ ( ± ) were obtained with the infrared light polarized parallel ( perpendicular) to the stress direction F. The lines represent the best fit of an A ! A (top) and an A ! E transition ( bottom) of a trigonal center.
defect. Since the 745-and 1794-cm 21 defects each contain one H atom, the trigonal symmetry implies that the H atoms are located on a ͗111͘ axis of the Ge lattice. Being an A mode, the 1794-cm 21 mode corresponds to the vibration of H parallel to this axis, whereas the 745-cm 21 mode corresponds to vibration perpendicular to the ͗111͘ axis.
The properties of the 745-and 1794-cm 21 lines are summarized in Table I 
